The Epstein Barr virus (EBV) is linked to the development of two major epithelial malignancies, gastric carcinoma and nasopharyngeal carcinoma. This study evaluates the effects of EBV on cellular expression in a gastric epithelial cell line infected with or without EBV and a nasopharyngeal carcinoma cell line containing EBV. The cells were grown in vitro and as tumors in vivo. The effects on cellular expression were determined using both 2D DIGE proteomics and high throughput RNA sequencing. The data identify multiple pathways that were uniquely activated in vitro. RNA sequences mapping to the mouse genome were identified in both the EBV positive and negative tumor samples in vivo, although, differences between the EBV positive and negative cells were not apparent. However, the tumors appeared to be grossly distinct. The majority of the identified canonical pathways based on two fold changes in expression had decreased activity within the tumors in vivo. Identification of the predicted upstream regulating factors revealed that in vitro the regulating factors were primarily protein transcriptional regulators. In contrast, in vivo the predicted regulators were frequently noncoding RNAs. Hierarchical clustering distinguished the cell lines and tumors, the EBV positive tumors from the EBV negative tumors, and the NPC tumors from the gastric tumors and cell lines. The delineating genes were changed greater than 4 fold and were frequently regulated by protein transcription factors. These data suggest that EBV distinctly affects cellular expression in gastric tumors and NPC and that growth in vivo requires activation of fewer cellular signaling pathways. It is likely that the broad changes in cellular expression that occur at low levels are controlled by regulatory viral and cellular RNAs while major changes are affected by induced protein regulators.
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Introduction
The Epstein-Barr Virus (EBV) is a major opportunistic pathogen that induces multiple malignancies including Burkitt (BL), Hodgkin (HL), diffuse large B cell lymphoma (DLBCL), primary effusion lymphomas (PEL) in coinfections with Kaposi sarcoma virus (KSHV), central nervous system lymphoma (CNS) and several carcinomas including gastric carcinoma (GC), and nasopharyngeal carcinoma (NPC) [1] . EBV readily infects B-lymphocytes and induces continuous growth in vitro, however, infection of epithelial cells is much more difficult and cell lines and xenografts have been difficult to establish from NPC and GC [1] . Several well studied NPC xenografts, C15 and C17 can be easily passaged in immunodeficient mice but cannot be cultivated in vitro, while the C666 cell line is a rare example of an NPC that can be cultivated in vitro and retains the EBV genome [2] [3] [4] . The AGS cell line was established from an EBV negative adenoma and is one of the few epithelial cell lines that can be infected with EBV [5] . Different patterns of viral gene expression are characteristic of the distinct malignancies and are also observed in cell lines and xenografts [1, 6] . B-lymphocytes infected in vitro express six nuclear antigens (EBNA), two membrane proteins, the abundant pol 3 EBER transcripts, the BHRF1 miRNAs, and low levels of the non-coding BART RNAs [7] . This pattern of expression is termed Type III latency. The C15 retains a pattern of EBV expression much like NPC and is considered Type II latency with expression of EBNA1, latent membrane protein 1 (LMP1), latent membrane protein 2 (LMP2), the non-coding Pol III EBER RNAs, and the non-coding BART RNAs (BamHI A rightward transcripts) [6] . EBV infection of AGS cells mirrors EBV positive gastric cancer and consistently results in Type 1 latency with expression of EBNA1 and the BART RNAs [8, 9] . The BART RNAs are templates for 44 virally encoded miRNAs while the spliced polyadenylated BART RNAs remain nuclear and apparently function as long noncoding (lnc) RNAs with consistent effects on cell expression [10, 11] . Additionally, EBV infection of the AGS gastric cell line induces anchorage independent growth with major effects on cellular mRNA expression, despite the highly restricted Type I pattern of expression [8] . Expression of a single form of the spliced BART RNAs had considerable effects on cellular expression indicative of lnc function [11, 12] . A recent study used orthotopic injection of the C666 cell line into the nasopharynx and also nasopharyngeal injection of AGS-EBV cells to evaluate tumor growth and metastasis [13] . The study indicated that expression of the BART miRNAs increased in vivo and that they were major effectors of changes in growth in vivo. This study also reported that AGS-EBV cells did not form tumors subcutaneously but only when inoculated into the nasopharynx, although the original establishment of the AGS cells reported tumor growth subcutaneously [14] .
As the BART RNAs are the most abundant transcripts in both NPC and GC and are thought to primarily affect growth through effects on cellular expression, the parental AGS cell line, AGS-EBV cell line, and the C666 NPC cell line were inoculated both subcutaneously (sc) and intraperitoneally (ip) into immmunodeficient mice. Additionally, the NPC xenografts, C15 and C17, were inoculated (sc) and included for comparison. All cell lines with or without EBV formed tumors both sc and ip although the AGS tumors with EBV were visually quite distinct from the EBV negative AGS tumors. Proteomic and RNA Seq analysis indicated that cellular expression was very different in gastric cells compared to NPC and that cellular expression in vitro was very different from that observed during tumor formation in vivo. Interestingly there were surprising differences in the predicted upstream regulators in both the EBV positive and EBV negative lines and tumors.
Results

EBV infection minimally affects growth rate in vivo
The AGS, AGS-EBV, and C666 cell lines have previously been described [3, 5, 14] . Additionally, as LMP1 is a potent EBV encoded oncogene, derivatives of the AGS-EBV cell lines were prepared that contained the pBABE expression vector with or without LMP1 coding sequences. Although LMP1 transcription could be detected at low levels, LMP1 protein was not detected and likely did not affect growth. Clone 1 is a clone of AGS-EBV that has been maintained separately but is not obviously distinct [8] . However, these cell lines and tumors were also analyzed for increased statistical power. The mice were inoculated either subcutaneously (sc) or intraperitoneally (ip) ( Table 1 ). All animals were sacrificed according to IACUC regulations based on physical appearance or distress. The tumors were identified and harvested (Table 1) . Surprisingly, the tumors were grossly distinct at time of sacrifice with the AGS cells forming solid white tumors sc while the AGS-EBV tumors were soft with excessive amounts of blood. Histopathologic examination indicated that the AGS tumors had extensive necrosis (Table 1 ) and had evidence of differentiation in the IP injections. The AGS-EBV Table 1 . Tumor samples and histology. tumors also had some necrosis with considerable hemorrhage. The time to sacrifice did not obviously differ between the AGS parental cells and the collective AGS-EBV cells ( Table 1 , Fig  1A) nor did the insertion of the pBABE expression vector to express LMP1 or vector control affect growth (Table 1 ). The apparent growth rate determined by tumor volume at time of harvest was also variable with clone 1 necessitating sacrifice slightly earlier ( Fig 1B) . However, assessing tumor weight and combining all of the EBV positive tumors with or without exogenous vector in comparison with the AGS tumors revealed a slightly enhanced growth of the EBV positive tumors with borderline significance (P = 0.05) ( Fig 1C) . To further investigate any growth stimulating effects induced by EBV, tumor lysates were analyzed by immune blotting for proliferating cell nuclear antigen (PCNA) as a marker for DNA synthesis [15] . The detection was quantified, normalized to the cellular marker HSC70, and presented graphically relative to AGS tumors ( Fig 1D) . The PCNA detection was also variable and did not reveal statistically significant differences. This is in agreement with the histologic determination of mitotic index which was similar in the AGS and AGS-EBV tumors but elevated in the NPC C666 tumors (Table 1 ). Haemotoxylin and eosin staining of the tumor tissues confirmed the presence of abundant red blood cells in the EBV + gastric tumors as compared to the EBVgastric tumors ( Fig 1E) .
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Distinct cellular protein expression in cell lines and tumors
We have previously shown that the BART RNAs including miRNAs and spliced RNAs are the most abundantly expressed RNAs in AGS-EBV cells [9] . As miRNAs in part target protein abundance, differences in protein expression were identified using 2-D difference gel electrophoresis. Analysis using Decyder software identified 1812 spots that matched across all samples. Further analysis using Principal Component Analysis (PCA) revealed that PCA1 separated the tumors from the cell lines representing at least 60.5% of the variance between cell lines and tumors of both AGS and AGS-EBV and the C666 cell line compared with C666 tumors (Fig 2A) . This could reflect the presence of abundant mouse proteins contained within the mouse tumors grown in vivo in addition to growth in vitro compared to growth in vivo. Additionally, PCA2 completely distinguished AGS cell lines and tumors from the NPC C666 cell line and tumors (Fig 2A) . The identification of the specific proteins within the distinguishing spots requires considerable material and the resulting identification is frequently obscured by abundant contaminating proteins. These data were primarily obtained to reveal global similarities and differences. To determine more specific differences, the tumors were analyzed further using RNA sequence analysis. RNA sequence analysis distinguishes cell lines from tumors and NPC from AGS by principal component analysis. To more accurately identify effects on cellular expression, cell lines and all tumors including the NPC C15 and C17 tumors were analyzed by high throughput sequencing of polyadenylated selected RNA. The specific tumors, number of reads, aligned pairs, and mapped reads to human and mouse genomes are presented in Table 2 . The number of reads mapping to the mouse genome (mm9) were quite variable and not obviously distinct between the sc or ip injections nor between the EBV positive and negative tumors ( Table 2) . Thus the distinct appearance of the EBV tumors with hemorrhage and increased blood did not represent invading mouse vessels. Interestingly, the percentage of reads mapping to the EBV genome decreased in the AGS-EBV tumors but not in the C666 NPC tumors (Table 2 ). There were very low levels of EBV expression in the C17 tumor as has been previously reported.
Aligned reads were mapped to specific human Refseq genes using the Partek Genomics Suite. Partek and Biojupies were used to identify differentially expressed genes, generate EBV effects on cellular expression in culture and during tumor growth in vivo hierarchical clusters, and perform principal component analysis (PCA). PCA in comparison with the human genome indicated that PCA1 determined that approximately 20% of the distinction was between NPC and the AGS cell lines and the tumors. Each NPC consistently clustered distinctly ( Fig 2B) . The C666 cell line clustered completely with the C666 tumors. This is interesting as C666 is a rare NPC that can grow as a cell line and these data confirm their similarity and identity [3, 4] . The AGS and AGS-EBV cell lines clustered together but were distinguishable from the tumors ( Fig 2B) . PCA analysis did not distinguish the AGS tumors from the AGS-EBV tumors ( Fig 2B) nor whether the injection was sc or ip ( Fig 2B) . However, comparison of just the AGS tumors with or without EBV delineated the two groups ( Fig 2C) . Analysis of the differential expression of mouse genes did not reveal any clear differences between AGS or AGS-EBV tumors using principal component analysis ( Fig 2D) . This suggests that the biologic difference in the amount of blood and hemorrhage reflects distinct growth properties of the AGS-EBV tumors from the AGS tumors that are likely due to differences in cellular expression within the AGS-EBV tumor cells and that the increased hemorrhage does not reflect infiltrating mouse tissue. To confirm that the addition of the pBabe vector did not significantly change the human or mouse gene expression in the AGS-EBV positive tumors as compared to the original cell line AGS-EBV tumors, volcano plots were generated comparing gene expression in the tumors, and very few genes were significantly changed ( Fig 2E) . Canonical pathway analysis of tumors and cell lines. Genes altered two fold by growth in vivo or in vitro were sorted into categories based on the canonical pathways using IPA software. The categories that were highly enriched in the data sets, with the size of each bar corresponding to the log of the P value of enrichment, are presented graphically. The orange boxes indicate the relative number of genes in the data set within that pathway indicated by the ratio at the right end of the graphs in Fig 3B and 3D . The orange line or threshold marks the p value of 0.05. Red bars indicate that the function is predicted to be activated, and blue bars indicate that the function is predicted to be inhibited based on the pattern of expression of these genes. Grey bars indicate that the function was predicted to be neither activated nor inhibited based on the data. Comparison of the AGS tumors to the AGS cell lines identified multiple pathways that had significant enrichment but could not be predicted to be activated or inhibited but were apparently affected indicating that multiple genes that contribute to these pathways differed in the tumors and cell lines ( Fig 3A) . Pathways uniquely affected in the AGS tumor or the AGS-EBV tumors are indicated with astericks. Identification of only those pathways that had a significant predicted change evidenced by a z score change greater than 2 revealed that the majority of pathways were decreased in the tumors in comparison with the cell line ( Fig  3B) . These included pathways likely involved in growing in adherent condition in vitro including NRF2 oxidative stress response, remodeling of adherans junctions, integrin signaling, signaling by rho family members, and interleukin signaling (ILK). Several pathways including actin cytoskeleton signaling, Rac signaling, Pac signaling, and Stat3 pathway were predicted to be uniquely downregulated in the AGS tumors compared to their cell line but not in the AGS-EBV tumors. Only Rho GDI signaling and PTEN signaling were activated and unique to the AGS tumors ( Fig 3B) . Comparison of the AGS-EBV tumors to the AGS-EBV cell lines also identified multiple pathways in the data set without prediction of activation and also identified several of the same pathways identified in the AGS tumors, including ILK signaling, ERK/ MAPK signaling, and epithelial adherans junction signaling. However, fewer pathways were predicted to be inhibited ( Fig 3C and 3D) . The integrin, IL-8, and Rho GTPase signaling pathways were predicted to be inhibited with significant z scores in both the EBV positive and negative tumors as compared to their cell lines, but the ERK5 signaling pathway was specifically inhibited in the EBV positive tumors ( Fig 3D) . Analysis of canonical pathways affected in AGS-EBV tumors in comparison with AGS tumors had few pathways significantly affected In agreement with PCA, the analysis of the predicted canonical pathways from the gene expression in the C666 tumors as compared to the cell line did not identify any significant differences except in the predicted inhibition of calcium signaling in the tumors (S2 Fig) .
As expected, multiples pathways were significantly and uniquely changed when comparing the NPC tumors to the EBV negative and EBV positive gastric tumors. Three pathways involved in cholesterol biosynthesis were activated in the NPC tumors as compared to the gastric tumors while integrin signaling was predicted to be inhibited (S3 Fig). 14-3-3 signaling and phospholipase signaling were apparently more important in the AGS tumors, while SAPK/JNK signaling was more important in the AGS-EBV tumors (S3A and S3B Fig) .
Predicted upstream regulators are altered in tumors and indicate increased regulation by miRNAs. Potential upstream regulators of these changes in expression with significant pvalues were also identified using IPA analysis. The vast majority, 23 in all, of the predicted activators of expression in the EBV negative AGS tumors were identified as miRNAs (Table 3) . While the RNA Seq data of the tumors does not identify the mature miRNA, their expression in the cell lines was identified in previous studies [9] . Several of these miRs were expressed in the AGS cell line. Several of the miRNAs predicted to be upstream regulators and activated in the tumors had a seed sequence similar to specific BART miRNAs (Table 3 ). Only 3 of the activated regulators which also had significant increase in expression were proteins including TCF3, COL18A1, and HNF1A. These findings suggest that regulation of growth in vivo by protein regulators is decreased and that significant regulation is mediated by noncoding RNAs.
Similarly, in the AGS-EBV tumors, many protein regulators were predicted to be inhibited (Table 4 ). Four protein regulators that were activated included ALDH2, COL18A1, TRIM24, and HDAC1. The activation of HDAC1 uniquely in the EBV positive tumors also suggests the importance of epigenetic regulation during tumor formation. Activated regulators also included 4 miRNAs with two that differed from those detected in the AGS tumors, miR-8 and miR-27a-3p. It is possible that EBV BART miRNAs or lnc RNAs may substitute for some of the activated miRNAs in the AGS tumors.
However, comparison of upstream regulators in EBV positive AGS tumors to EBV negative AGS tumors revealed effects on multiple pathways through both transcription factors and growth factors ( Table 5 ). The predicted regulators were multiple genes previously shown to be affected by EBV including TNF, HIF1A, IL6, IRF7, and HNF1A which were predicted to be inhibited while CBX5, MAPK1,TP63, E2F3 were predicted to be activated ( Table 5) . These data are supported by the considerable numbers of genes detected in the data sets and the highly significant p-value of the overlap. It is intriguing that most of the predicted upstream regulators were inhibited in both EBV positive and negative tumors whereas miRNAs were primarily identified as activators of expression, particularly in the EBV negative AGS tumors (S1 Table) . the bars reflects the p value, and the orange boxes reflect the ratio of the number of genes in the data set represented in the pathway. Astericks ( � ) denote pathways unique to the comparison of AGS tumor to their cell line. (C). Top canonical pathways associated with human genes with 2-fold expression change by RNA seq in the AGS-EBV tumors when compared to the AGS-EBV and pB derivative cell lines. Astericks ( � ) denote pathways unique to the comparison of AGS-EBV tumors to their cell lines. (D) Significant canonical pathways (absolute z-score �2) associated with AGS-EBV tumors compared to AGS-EBV and pB derivative cell lines. The height of the bars reflects the p value, and the orange boxes reflect the ratio of the number of genes in the data set represented in the pathway. Astericks ( � ) denote pathways unique to the comparison of AGS-EBV tumors to their cell lines.
https://doi.org/10.1371/journal.ppat.1008071.g003 Identification of the Disease and Functions affected in the EBV positive SC tumors compared with the EBV negative SC tumors identified increased DNA replication, cell growth and proliferation, cancer, cellular development, and hematological system development and function. These functions are in keeping with the enhanced tumor growth. Additionally, the predicted activation of hematopoietic progenitor cells may likely reflect the highly bloody appearance of the EBV positive AGS tumors ( Table 6) .
Hierarchical clustering of RNA sequence analysis. The RNA sequence data analyzed using hierarchical clustering based on differential expression of human genes clearly delineated the NPC from the gastric samples, the cell lines from the tumors, as well as the EBV negative gastric tumors from the EBV positive tumors ( Fig 4A) . Interestingly, the AGS cell line was completely within the cell line cluster containing the EBV positive cell lines as had also been indicated by the PCA analysis. Additionally, the C666 cell line clustered with the NPC tumors and was completely separated from the AGS cell lines. Several distinct expression patterns were visible on the hierarchical heat map ( Fig 4A) . Of the NPC samples, the C17 tumor was completely separated and had clear differences in expression. IPA analysis of one area (1) in which 176 genes were markedly increased in the gastric samples compared to the NPC samples, largely greater than four-fold, revealed that this region contained genes associated with cell proliferation, migration, invasion, and epithelial differentiation ( Fig 4A-1) . When the fold expression of these genes in this area as compared to NPC were analyzed by IPA, activation of canonical pathways involved in lipid metabolism (glutathione detox and redox), differentiation (aldersterone signaling, angiogenesis, adipocyte signaling and ERK/MAPK signaling), platelet activation (GP6 signaling), and cardiovascular signaling (Enos signaling) were predicted ( Fig 4B) . These pathways would lead to increased proliferation, transformation, migration, and invasion.
An area was also identified that included 41 genes that were upregulated specifically in the AGS-EBV gastric tumors relative to all the other samples. These genes included 8 which are involved in vasculogenesis; EPHB2, GJA5, LRP8, NODAL, PROX1, STRA6, TBX4, and TMEM204 (Fig 4A-� ) .
The heat map also revealed an area with 90 genes which were down regulated in the EBV positive gastric and NPC tumors when compared to the EBV negative gastric tumors, and contained genes including CTSE (cathepsin E), CXCL17, ITB7 (integrin β7), PIGR, TNFS12, MUC5B (mucin), and TRPV2 that are involved in inflammatory response and movement of antigen presenting cells ( Fig 4A-2) . IPA analysis of the expression change of these 90 genes linked them to canonical pathways involved in lipid metabolism (methylgloxal degradation, phospholipase C signaling and phospholipases) as well as autophagy pathways (phagasome maturation and autophagy), hematological system development (Jak1 and JAK3 in cytokine signaling) and immune response (leukotriene biosynthesis). These pathways suggest that in the AGS-EBV tumors cell migration and inflammatory responses are decreased, and the quantity of hematopoietic progenitor cells are increased ( Fig 5A) . As described earlier the AGS-EBV tumors were noticeably bloodier than the AGS tumors upon gross examination ( Table 1 , Fig 1E) . A fourth area (Fig 4A-3) which had much higher expression in the cell lines contained 54 genes linked to amino acid metabolism (CTH, GCLM, and NOS2), migration (CYP1A1, FOSL1, GAST (gastrin), ITPKA, KLF6, NNMT,PSG1, SKAP1, and SLC3A2), and apoptosis and necrosis (CD55, CTH, FOSL1, GCLM, KLF6, NPPB, NR1D1, OSGIN1, PLK3, PRPH, PSG2, RASD1, and TXNRD1) ( Fig 4A-3) . The canonical pathways associated with these 54 genes involved metabolic pathways (L-cysteine, glutathione, thioredoxin, γ-glutamyl cycle, and citrulline-nitric oxide cycle) and integrin related signaling pathways (ILK, epithelial adherens junction, and tight junction signaling) and suggested within the tumors there is decreased cell survival, gene expression, and organization of the cytoskeleton as compared to the cell lines ( Fig 5B) . A fifth area on the hierarchical heatmap contained 139 genes which were highly expressed in the NPC samples and decreased in the gastric samples. This region was composed of genes involved in CD40 signaling (MAP3K14 (NIK), ICAM1, PIK3CD, NFKB2 (p52), and JAK3), regulation of epithelial-mesenchymal transition (FZD8, TCF4, PIK3CD, NFKB2, and JAK3), and NFκB and PI3K signaling (MAP3K14, TLR5, PIK3CD, JAK3, and NFKB2), pathways shown to be activated in NPC (Fig 4A-4) . The genes CHRNA7, CORO1A, FAS, ICAM1, IL15RA, JAK3, LAPTM5, MMP19, PGLYRP2, PIK3CD, and VSIR linked to activation of T lymphocytes were also more highly expressed in the NPCs, as well as the genes ACVRL1, AFAP1L2, CHRNA7, ETNK2, FAS, FZD8, IL34, INSRR, JAK3, MAP3K14, MAP3K6, MYO3A, NUAK1, OBSCN, PAX6, and PIK3CD involved in protein phosphorylation pathways. IPA predicted the canonical pathways CD40 signaling, NFκB signaling, and B cell receptor signaling to be inhibited in the gastric samples relative to the NPC (Fig 5C) . Immune cell trafficking and inflammatory response as well as gene expression were also predicted to be decreased in the gastric samples as compared to the NPC samples ( Fig 5C) .
The upstream regulators of the genes from these areas were also noticeably different. The genes that were significantly downregulated in the NPC samples ( Fig 4A-1) as compared to the gastric samples that are involved in migration, invasion, and epithelial differentiation had predicted upstream regulators CBX5, CYP1B1, ETS2, TGFB1, BMP4, SYVN1, IFNG, and SMARCA4. Some of the regulators had major increases in expression in the gastric samples including ETS2, which was increased 22 fold in expression, BMP4, which was increased 71 fold, and IFNG ( Fig 4B) .
IRF7, SIM1, IFNG, and HNF1A were predicted to be upstream regulators of the higher expressed genes in the EBV negative gastric tumors involved in cellular movement, inflammatory response, and immune cell trafficking ( Fig 5A) . The genes that were significantly upregulated in the gastric cell lines as compared to the other samples and involved in amino acid metabolism, migration, apoptosis, adhesion, and necrosis had predicted upstream regulators CLDN7, HRAS, RNA pol 2 and PKcs (Fig 4A-3) . When analyzed with the expression changes, the upstream regulators associated with these genes and that were predicted to be inhibited in the gastric tumors included the transcription regulators MYC and NFκB, the Pkc kinases and MAPK8 (JNK) as well as CLDN7 ( Fig 5B) . ID2, ID3, TRAF3, TRAF5, REL, TNF and CD40, genes or pathways previously shown to be affected in NPC were the predicted upstream regulators for the pathways identified by the genes significantly upregulated in NPC on the heat map (Fig 4A-4) and involved in CD40 signaling, EMT, NFKB signaling, and PI3K signaling. When the 139 genes were analyzed with the fold expression changes, upstream regulators TNF and REL were predicted to be inhibited in the gastric samples as compared to the NPC (Fig 5C) .
Genes consistently changed with EBV infection. There were 240 genes that were consistently changed in the same direction in all the EBV positive samples as compared to the EBV negative samples. These included 166 genes which were upregulated and 74 which were down regulated (S2 Table) . The upregulated genes were predicted to lead to increased DNA repair and included the helicases DNA2, SMARCB1 and SMARCC; DNA repair genes MSH6, MCM6, and XRCC5; increased RNA transactivation and included transcription regulators GTF2H3, CCNT1, RARA, KHDRBS1, VOPP1 and NFE2L1; increased viral infection, and decreased survival (S3A Table) . Several proto-oncogenes were upregulated in the EBV positive samples, including MYBL1 and RAF1 (S2 Table) . Several kinases were also upregulated including NCK1, PRKACA, and TK1 (S2 Table) . The consistently downregulated genes were predicted to lead to decreased movement, survival, proliferation, and immune response and increased apoptosis (S3B Table) . The down regulated genes included two serine protease inhibitors SLPI and SERPINA3, cell adhesion genes CEACAM5 and CEACAM6, transcription regulators ELF3 and GATA6 (S2 Table) .
Comparison of the top 100 downregulated and upregulated genes in the tumors and cell lines. To provide a more detailed look at the specific genes composing each data set, the top 100 down regulated and upregulated genes in each comparison are listed (S4 Table) . These data were then utilized to prepare Venn diagrams revealing the extent of overlap between each group (Fig 6) . The comparisons reveal that of the 100 genes downregulated in the AGS tumors compared with the AGS cell line, 33 are in common with the 100 genes downregulated in the AGS-EBV tumors compared with the AGS-EBV cell line ( Fig 6A) . Analysis of the upregulated genes revealed that 13 were in common between the AGS-EBV tumors and AGS tumors ( Fig  6B) . Of the 100 genes decreased in the AGS-EBV tumors compared with the AGS tumors, only 2 are in common with the 100 genes decreased in the AGS-EBV cell lines compared to the AGS cell line ( Fig 6A) while in the 100 upregulated genes 4 are in common between those affected in the AGS-EBV tumor and the AGS-EBV cell line ( Fig 6B) . When the top 100 up regulated genes in the AGS-EBV cell lines as compared to the AGS cell line were analyzed, many are involved in viability and organization of the cytoplasm (S5A Table) . Morbidity and Mortality is predicted to be strongly decreased. It is likely that many of these functions are linked to the upregulation of BCL6 and TCF3 in the AGS-EBV cell line. The upregulated genes in the AGS-EBV tumors are predicted to increase migration and movement as well as amino acid phosphorylation (S5B Table) . These classifications may reflect the upregulation of FYN and LCK which are molecules identified in every category. EBV transcription with identified splice junctions. To determine the EBV specific transcription, reads that did not map to the human and mouse genomes, were aligned to the Akata EBV sequence using Tophat. The transcripts were assembled using Cufflinks and further assembled and quantified using Cufflinks and Stringtie (Fig 7) . Comparison of the AGS-EBV cell line and tumors did not reveal any obvious differences with transcription of the same sequences. The most abundantly transcribed region was from the BART noncoding locus ( Fig  7A and Table 7 ). Identification of the specific transcripts revealed that the AGS-EBV cell line was relatively permissive with expression of replicative genes from both strands. Additionally, multiple transcripts were identified that spliced into the BART locus. Comparison with the NPC samples, C15 and C666, revealed that the NPC samples remained tightly latent with considerably lower levels of transcription ( Fig 7B) . The C15 tumor had a scale of 605 EBV reads while the AGS-EBV sample had a scale of more than 2000 reads. In contrast to the AGS-EBV cell line, the tumors had more restricted expression with decreases in number of detected reads ( Table 2 and Fig 7A) . The tumors had consistent expression of the BART RNAs, EBNA1 and LMP2. Additionally, the cell lines had greater evidence of transcription of replicative Table. https://doi.org/10.1371/journal.ppat.1008071.g006 genes from the opposite strand while the tumors retained some replicative expression. Interestingly most of the tumors had consistent expression of BHRF1 and BHLF1 and some transcription of R/Z. The C15 and C666 tumors were similar with consistent expression of the BART RNAs, EBNA1, and LMP2 while reads from BHRF and BHLF1 were detected in C666 tumors and LMP1 in C15 ( Fig 7B and Table 7 ). In almost all of the gastric tumors, there was an increase in reads from the BARTs when compared to the cell lines, and fewer reads from BHLF1, EBNA1 and R/Z, and LMP2 ( Fig 7A and S4 Fig) . Interestingly abundant transcription was detected immediately upstream of the BART region at approximately 130 kb on the EBV genome only in the AGS-EBV cell lines and tumors ( Fig 7A and S4 Fig) . In the tumors from 13-100% of the previously described BART transcripts contained exons splicing from this upstream area. This region of transcription contains multiple putative ORFs. The AGS-EBV and Clone 1 cell lines and tumors also had a considerable peak of reads between 140 and 143 kb on the Akata genome within the LF3 region ( Fig 7A and S4 Fig) . Analysis of splice junctions indicated that in cell lines with abundant replicative expression, transcripts could be detected that spliced from EBNA1 into the BART complex (Table 7) . Additional aberrant splice junctions were detected including BXLF/BDLF to BHLF, BNLF/LF3 to BHLF1, and oriLyt/LF3 to BHLF. These splices may indicate decreased regulation of splicing during replication or potential detection of circular RNAs that have been detected by RNA Seq [16] . However, the abundant and consistent expression of the BART transcripts suggests that they are likely major effectors of EBV on cellular expression in both the EBV infected AGS cell line and AGS and NPC tumors. The percentage of specific EBV reads indicates that both the AGS-EBV cell lines and tumors had expression of genes associated with viral replication ( Table 7) . One distinction is the greatly increased number of reads in the tumors representing BHRF1, the EBV bcl2 homologue [17] . The other notable feature was the increase in reads from the BART region, which frequently represented 40-70% of transcription. In the C666 cell line, 90% of the reads were BART transcripts while in C17, only BART transcription was detected with 100% of the reads from the BART region. All of the AGS-EBV and Clone 1 tumors and cell lines had considerable expression of LMP2 (Table 7 ).
Quantitative expression of EBV transcription during tumor growth
A previous study had suggested that BART miRNA expression increased during tumor growth in vivo [13] . To evaluate levels of expression, quantitative PCR was performed for several BART miRNAs, for two splices characteristic of the BART lnc RNAs between exons 4 and 5 and 6 and 7, and for LMP1 and LMP2 (Fig 8) . BART miRNAs increased approximately two fold to eight fold while the lnc splice junctions increased approximately 1.5 to 5 fold with significant p values. Expression of LMP1 and LMP2 remained low although they increased in clone 1 tumors which also had increased replicative expression.
Discussion
In this study, AGS cells with or without EBV were inoculated into immunodeficient mice either subcutaneously or intraperitoneally. All inoculations formed tumors with slightly enhanced tumor growth in the cells containing EBV. Importantly, although the cells were not maintained under G418 selection, which is required to maintain the EBV genome in vitro, all EBV positive tumors contained and expressed viral genes without selection. This finding suggests that EBV is providing a survival advantage to the inoculated cells [18] . This is perhaps related to the finding that NPC tumors usually lose the EBV genome when cultured in vitro [6] .
An intriguing difference in the EBV positive gastric tumors was the greatly increased amounts of blood and hemorrhage that was not greatly evidenced in the expression analyses. Identification of disease and function did identify increased hematologic system development and function (Table 6 ). A recent study identified vasculogenic mimicry in EBV-associated epithelial malignancies where the tumor cells develop vascular networks [19] . The increased vascularization identified in our study substantiates this and that this difference was not due to infiltrating mouse cells (Table 2) . However, the previous study linked this vascularization to activation of the Akt and HIF1-α pathways that were not identified in the analyses here where HIF1-α was predicted to be inhibited ( Table 5 ). Activation of Akt was identified in Biojupes analyses that looked at the top 500 genes with increased expression. However, the previous study that identified vasculogenic mimicry primarily focused on NPC where LMP1 and LMP2 that are known to activate these pathways are expressed [6, 20] . In that study, the analyses of gastric tumors did identify activation of Akt and HIF1-α using immunohistochemistry on tumor samples. However, the expression of other viral genes was not assessed [19] . It is possible that the same biologic effectors of Akt and HIF1-α are activated in the AGS-EBV gastric tumors through subtle effects of the noncoding RNAs.
Importantly, the data revealed major changes in cellular expression when grown as tumors in immunodeficient mice compared to cells cultured in vitro. Analysis of the global changes of expression greater than two fold revealed that many canonical pathways had significant numbers of genes with altered expression. Many of the genes might be expected as they would contribute to growth in vitro. In most of the identified pathways activation or inhibition was not apparent. Although the many pathways that are not predicted to be activated or repressed, the considerable number of genes within these pathways and the very significant p values suggest that they are altered during tumor growth. However, the majority of pathways that were significantly affected in both the EBV positive and negative AGS tumors were predicted to be repressed. The mice lack an immune system so that immune selection is unlikely, however, these findings suggest that there is an advantage to not have activation of the multiple pathways that are increased in vitro. Intriguingly, identification of the predicted upstream regulators within the tumors revealed induced expression of miRNAs. This suggests that noncoding RNAs are likely key regulators of the global changes in expression during tumor growth in the analysis of total transcriptional changes. It is possible that the noncoding RNAs may broadly affect cellular expression perhaps through epigenetic mechanisms [12] . Additionally, HDAC1 is revealed to be an EBV unique upstream regulator in the AGS-EBV tumors also confirming the shift to epigenetic regulation during tumor formation (Table 4 ).
In contrast, hierarchical clustering revealed clear distinction that delineated the specific groups, NPC tumors, cell lines, and EBV positive and negative tumors (Fig 4) . The genes identified within the delineating regions identified activation of key biologic functions including differentiation, motility, metastasis, transformation. Importantly, most of the fold expression changes within the delineating regions were greater than 4 fold. In the gastric tumors, many of these genes are regulated by ETS2, BMP4, and TGFB1 and by the kinases MAPK1(ERK) and CCNK and the transcription regulators E2F, CBX5, and CCND1. The EBV negative tumors, the pathways were regulated by HNF1A, SIM1, IRF7, TCF7L2, and SMARCA4, as well as IFNG, CLDN7, and let-7.
The EBV positive samples also showed consistent up regulation or down regulation of certain genes, 240 in all, when compared to the EBV negative samples (S2 Table) . Many of the upregulated genes are involved in DNA replication and repair, RNA transactivation, and cell cycle progression, all programs that suggest a more proliferative state in the EBV infected tumors (S3 Table) . Interestingly, 2 proto-oncogenes, MYBL1 and RAF1 were consistently upregulated in the EBV positive tumors, and NACC1, which negatively regulates the tumor suppressor Gadd45/GIp1, was consistently upregulated (S2 Table) . Several of these upregulated genes are targets of miR-122 and let-7, both predicted to be uniquely activated in the EBV negative samples. Many of the genes down regulated in the EBV positive tumors are involved in immune response and movement. Interestingly, several of the genes such as TRIM24, EGLN3, FUT1, MUC20, GATA6, and S100P that were consistently down regulated in the EBV positive samples are also targets of the BART miRs (S2 Table) [21] . Also other predicted BART miR targets including DICER, CASP3, CDH1, TOMM22, and PAK2 were consistently down regulated (less than 2 fold) in the EBV positive gastric cell lines and tumors as compared to the EBV negative [22] . This data suggests that the BART miRs may regulated gene expression not only at the translational level, but also at the transcriptional level. Another interesting comparison is identification of genes whose expression is changed in the same direction as within an EBV cell line expressing one form of the spliced BART lnc RNAs (S6 Table) [11] . Several of the downregulated genes, TFF1, SLPI, and MUC1 are found at the mucosal barrier; others are involved in cell adhesion, CEACAM5, MSLN, and PTPRH; and RNF144B is proapototic (S6 Table) . Of the possible BARTlnc targets that were upregulated, several, MPP2, S1PR2, and TSPAN9 are involved in proliferation, growth and motility (S6 Table) . In most cases, the genes affected in the lnc cell line were affected to a much greater level within the tumors. This suggests that within the tumors in the presence of all forms of the spliced BART RNAs and the BART miRNAs, the effects are considerably greater.
These data provide us new insight into EBV expression. The expression in vivo reveals how tightly latent the EBV NPC tumors are and that EBV leaky replicative expression remained detectable in the AGS-EBV tumors in vivo. The significance of the unusual splice linkages is unclear. They are not overwhelmingly abundant but may not be tabulated completely in this analysis. One intriguing fact is the more frequent linkage of orilyt/LF3 to BHLF1. An abundant circular RNA has been inferred from sequence analyses [16] . The linkage between LF3 and BHLF1 may represent an unusual RNA, perhaps circular, that functions during replication. It is possible that this RNA may contribute in some replicative way to lytic origin function. However, overall these data affirm the importance of latent infection in tumorigenesis and strongly underscore the significance of the BART nc RNAs. It is possible that the tumor cells are epigenetically poised for further activation of expression due to the viral nc RNAs and that these global epigenetic effects on cellular expression are a major mechanism through which EBV contributes to tumorigenesis.
Materials and methods
Ethics statement
All animals at the University of North Carolina are maintained in compliance with the Animal Welfare Act and the Department of Health and Human Service "Guide for the Care and Use of Laboratory Animals." UNC's Animal Welfare Assurance Number is A3410-01. Animal experiments were performed in accordance with a protocol (#17-031) approved by the Institutional Animal Care and Use Committee (IACUC) at the University of North Carolina. Mice were monitored daily following injection for signs of distress and tumor growth. At all monitoring intervals, post-injection general appearance and body weights were recorded. When the tumors reached approved endpoint growth or the animals were in distress the animals were euthanized by exposure to CO2 in a chamber, followed by injection of dormitory/ketaset (300mg/kg and 3mg/kg weight).
Cell lines. AGS (EBV negative gastric carcinoma) cell line was grown in F-12 media (Life Technologies, Inc.) with 10% fetal bovine serum and antibiotic/antimycotic (Life technologies, Inc.) , AGS-EBV (EBV+ gastric carcinoma (infected with EBV Akata BX1) and Clone 1 (EBV + clone from AGS-EBV cell line have been previously described [23] and were maintained with 500ug/ml G418 (Life Technologies, Inc.). Stable AGS-EBV and Clone 1 cell lines containing EBV LMP1 were generated by transduction of the pBabe control or HA tagged pBabe-LMP1 (B95 strain) constructs and selected with 1ug/ml puromycin; and the C666.1 (EBV + NPC) cell line was maintained in RPMI 1640 (Life Technologies, Inc.) with 10% fetal bovine serum and antibiotic/antimycotic (Life Technologies, Inc.) [24] .
Injections. 1 x 10 7 cells were injected either intraperitoneal (ip) or subcutaneous (sc) into NOD scid gamma (NSG) mice. Mice were monitored for tumor growth and illness, and tumor and spleen tissues were harvested at the end point. Splenocytes from a primary tumor that developed from the injection of the C666.1 cell line were purified and reinjected into 2 NSG mice.
RNA sequencing. RNA was prepared from tumors that developed in the mice using Trizol reagent (Life Technologies, Inc). Poly(A)-selected, bar-coded, cDNA libraries were prepared using a TruSeq Stranded mRNA kit (Illumina) and the libraries were sequenced using a HiSeq4000 instrument (Illumina) using paired-end 75-bp sequencing by the UNC High-Throughput Sequencing facility. RNA was also prepared and analyzed as above from tumors from the NPC xenografts C15 and C17.
Bioinformatics. RNA sequencing reads were aligned to the human genome (hg19) and the mouse genome (mm9) using the splicing aware read aligner TopHat on the Galaxy suite at https://usegalaxy.org [25] . Aligned reads were mapped to specific human or mouse Refseq genes using the Partek Genomics Suite, which was also used to calculate differentially expressed genes and to perform principal component analysis. In order to quantify and visualize reads from the EBV Akata genome, RNA sequencing reads that did not map to the human genome were aligned to the Akata genome (Genbank accession number KC207813.1) using TopHat, and transcripts assembled using Cufflinks, and further assembled and quantified using Stringtie on the Galaxy suite. EBV aligned transcripts were visualized from the TopHat assemblies using the Integrative Genomics Viewer. Enriched molecular functions and pathways for the human and mouse data were obtained by running a core analysis on the differentially expressed genes using Ingenuity Pathway Analysis (IPA) software (Qiagen).
The gene rpkms against the human and mouse genomes were also analyzed in Biojupies, a web based program available at https://amp.pharm.mssm.edu/biojupies/ [26] .
Hierarchical clustering maps and volcano plots were generated. Upstream regulators (transcription factors and kinases) as well as cellular pathways were determined and used to strengthen the data from the Partek and IPA analysis.
The RNA sequencing files for the transcriptome analysis of the gastric samples are available at SRA accession PRJNA503182. The RNA sequencing files for the transcriptome analysis of the NPC samples are available at SRA accession PRJNA501807.
Western blotting. Protein lysates were prepared from the tumor tissue, by re-suspending pulverized tissue in RIPA buffer. Western blotting was performed as previously described [27] . Primary antibodies used were mouse α-PCNA (Santa Cruz, sc-56) and mouse α-HSC70 (Santa Cruz, sc-7298).
Quantitative RT-PCR. Total RNA was prepared from the tumors and cell lines using Trizol reagent (Invitrogen). Quantitative RT-PCR was performed for the BART miRNAs and the BART lncRNA using the miScript system (Qiagen) and Quantifast SYBR green RT-PCR kit (Qiagen) on a QuantStudio 6 Flex real-time PCR system (Applied Biosystems) as described previously [28] .
2-D Difference gel electrophoresis. Proteins isolated from cell or tumor samples were cleaned by methanol/chloroform precipitation and dissolved in lysis buffer (9M urea, 2M Thiourea, 20 mM tris-HCl, pH 8.5, 2% CHAPS, and 60 mM n-Octyl-β-D-glucopyranoside). Aliquots (35 μg) of replicates from each tumor or cell line group were labeled with 200 pmol either Cy3 or Cy5 fluorescent dyes, alternating Cy3 and Cy5 between replicates. An internal control (IC) was prepared by pooling equal amounts of protein (18.5 μg) from all samples, and then labeled with 200 pmol of Cy2 for every 15 μg of protein. The labeling reaction was carried out on ice for 30 min, protected from light, and quenched by the addition of 1 μL of 10mM followed by 10 min on ice. After labeling, corresponding samples were combined so that each gel contained an IC (Cy2) and two samples from different groups (Cy3 and Cy5). An equal volume of 2X sample buffer (9M urea, 2M Thiourea, 2% CHAPS, and 60 mM n-Octyl-β-D-glucopyranoside, 30 mg/mL DTT, 2% (v/v) IPG buffer 3-10) was added and the mixture was placed on ice for 15 min. Rehydration buffer (9M urea, 2M Thiourea, 2% CHAPS, and 60 mM n-Octyl-β-D-glucopyranoside, 15 mg/mL DTT, 2% (v/v) IPG buffer 3-10) was then added to a final volume of 450 μL.
The resulting mix was loaded onto an immobilized pH gradient (IPG) strip (24 cm, pI range 3-10) and the strip allowed to re-hydrate overnight at room temperature. Isoelectric focusing and the subsequent SDS-PAGE, using precast 12.5% gels (Jule Biotechnologies Inc.), were performed as originally described [29] . Following SDS-PAGE gels were scanned using a Typhoon Trio Plus scanner (GE Healthcare) and analyzed using DeCyder 7.0 software (GE Healthcare). Significant canonical pathways predicted for the NPC tumors vs the AGS tumors. Significant canonical pathways (absolute z-score �2) associated with the human genes with 2-fold expression change by RNA-seq in the NPC tumors when compared to the AGS tumors. The height of the bars reflects the p value, and the orange boxes reflect the ratio of the number of genes in the data set that are represented in the pathway. Astericks ( � ) denote pathways unique to the comparison of NPC tumors to AGS tumors. B. Significant canonical pathways predicted for the NPC tumors vs the AGS-EBV tumors. Significant canonical pathways (absolute z-score �2) associated with the human genes with 2-fold expression change by RNA-seq in the NPC tumors when compared to the AGS-EBV tumors. The height of the bars reflects the p value, and the orange boxes reflect the ratio of the number of genes in the data set that are represented in the pathway. Astericks ( � ) denote pathways unique to the comparison of NPC tumors to AGS-EBV tumors. 
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